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1.0 INTRODUCTION 
At early ages, concrete structures experience signifi cant 
temperature change due to cement hydration and heat exchange 
between the concrete structures and the environment. In 
the absence of drying shrinkage, the total stress induced by 
restrained thermal strain (εth) and autogenous shrinkage (εas) is 
the driving force leading to early-age cracking. Th e analytical 
solution for calculating the total stress in early-age concrete [1-3] 
can be expressed as: 
(1)
where, K, R and E are creep factor, degree of restraint and modulus 
of elasticity, respectively. α is the coeffi  cient of thermal expansion/
contraction and Tz is the zero-stress temperature. 
Generally, thermal strain occurs simultaneously with 
autogenous shrinkage if concrete temperature varies over time. 
To individually investigate developments of thermal strain and 
autogenous shrinkage under realistic temperature profi les, it is 
necessary to fi nd an effi  cient way to separate them. Furthermore, 
from a numerical simulation point of view, both deformations 
should also be separated because a stress simulation procedure 
applicable to any temperature profi les requires generalized models 
for each mechanism that take into consideration their individual 
temperature dependencies. Th e common method for separating 
the two types of deformations is given by equation 2. 
(2)
To accurately separate thermal strain and autogenous shrinkage 
by equation 2, it requires accurate measurement of CTE/CTC. 
Studying CTE/CTC is especially challenging at early ages due to 
the rapid evolution of material properties. In previous literature, 
CTE/CTC has been investigated based on linear and volumetric 
methods [1, 4, 5]. In most of these studies, the focus has been 
on CTE/CTC of cement paste or mortar, with rather limited 
experimental results of CTE/CTC of concrete reported.
Together with autogenous shrinkage and thermal strain, 
tensile creep also plays an important role in proper assessment 
of the cracking risk due to relatively high creep deformation 
and considerable stress relaxation in early-age concrete [6]. 
Some testing methods including uniaxial tensile creep tests, 
creep and stress relaxation tests, and tensile creep ring tests have 
been developed for early-age tensile creep evaluations. In fact, 
the majority of past work studying creep behaviour of concrete 
has focused on the creep behaviour of hardened concrete in 
compression, and few studies on tensile creep for young concrete 
are reported in previous literature. However, it has been suggested 
that tensile and compressive creep behaviour of concrete may 
be diff erent in [7, 8]. On the other hand, a few creep prediction 
models have been put forward in previous literature, but their 
applicability for early age concrete is still questionable.
To accurately measure autogenous shrinkage, CTE/CTC and 
creep strain of concrete at early ages, one of the best test setups is 
the Temperature Stress Testing Machine (TSTM). TSTM was fi rst 
built in 1980s, and a number of TSTMs have been built all over 
the world [1, 9, 10], but successful and fruitful TSTMs have always 
been on rather few hands. Generally, a successful TSTM system 
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Th ermal deformation, autogenous shrinkage and creep behaviour of cement-based materials may have signifi cant impact on the 
performance, serviceability and durability of concrete structures. Unfortunately, despite signifi cant past research, fundamental 
understanding of these properties remains inadequate due partly to a critical lack of suitable tests to generate reliable data for a 
holistic assessment of these aspects from early ages. Th is paper fi rst presents key features of a Temperature Stress Testing Machine 
(TSTM) newly-built at the University of Queensland that allows such an assessment. Details of the advanced reliable systems for 
thermal regulation and deformation recording are reported. Using this new TSTM, unrestrained shrinkage tests under constant and 
saw-toothed temperature profi les were performed. Based on these tests, the developments of the coeffi  cient of thermal expansion/
contraction (CTE/CTC) and of the autogenous shrinkage at early ages were investigated. It has been found that CTE/CTC of 
concrete show a clear rising trend aft er setting time and the development rate of autogenous shrinkage is signifi cantly aff ected 
by the hydration process of cementitious binders. Besides, combining unrestrained and restrained tests, tensile creep behaviour 
of early age concrete was also studied. Comparing newly measured and predicted creep coeffi  cients by the AS 3600 model and 
the modifi ed AS 3600 model, it is found that the reliability of both prediction models remains questionable, prompting further 
research for a more reliable model for predicting early age tensile creep.
σtot = KREεtot = KRE[εas + α (T−Tz)]
εas=εtot −εth = εtot − αΔT
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5.0 CONCLUSION 
Th is paper presented a brief overview of recent work carried out 
on the evaluation of the service defl ections of composite steel-
concrete fl oor slabs. Particular attention was devoted to shrinkage 
eff ects and, for this purpose, two procedures were considered to 
account for the development of a non-uniform shrinkage profi le 
through the slab thickness, i.e. one procedure based on a simplifi ed 
approach and one relied on the use of a hygro-thermo-chemical-
mechanical model. Th e shrinkage gradient is produced by the 
inability of the concrete component of the composite slab to dry 
from its underside due to the presence of the profi led sheeting. 
Th e defl ection estimates based on these non-uniform shrinkage 
profi les were performed using a design model available in the 
literature. In the fi nal part of the paper, selected long-term tests 
of post-tensioned composite slabs were used as case studies to 
evaluate the accuracy of using the two procedures presented 
for the determination of the non-uniform shrinkage profi les in 
the displacement predictions. Both approaches well estimated 
the defl ections measured experimentally. A third set of results 
determined using a uniform shrinkage profi le were provided and 
underestimated the recorded measurements. Th e underlying scope 
of this work is to support the possible use of multi-physics models 
for design purposes because capable of accounting for the diff erent 
exposure conditions to which concrete components within 
composite slabs are exposed during their design life. 
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2.2.2 Advanced deformation recording system
Using invar bars embedded in concrete to assist measure 
deformation, it is impossible to keep both invar bars absolutely 
vertical all the time. For the deformation measurement in 
early age concrete, a high level of accuracy is required, so even 
a small inclination of the invar bar may result in signifi cant 
measuring errors. When the fi rst version of the TSTM was 
built in 2015~2016, two LVDTs and two Laser Triangulation 
Displacement Sensors (laser sensors) were employed as the 
deformation-recording system. To further enhance the reliability 
of the TSTM, the deformation-recording system of the TSTM 
was recently improved by replacing the existing two LVDTs with 
two laser sensors, making a total of four laser sensors for non-
contact capturing of deformation of the two vertically embedded 
invar bars (see Figure3). Th e deformation determined at the 
level of the centre line of concrete specimen is considered as 
the representative deformation (D), which can be computed by 
equation 3.
(3)
where, d1, d2, d3 and d4 are deformations measured by laser 
sensor 1, 2, 3 and 4, respectively; h1 is the vertical distance 
between two laser sensors and h2 is the distance from laser 
sensors 2 and 4 to the centre line of concrete specimen; D1 and 
D2 are the centre-line deformations calculated from the two 
corresponding laser sensors near the fi xed end and the moveable 
end, respectively (see Figure 4).
2.2.3 Improved thermal regulation system
Th e thermal regulation system of the new TSTM consists of 
a chiller, a heater and thermocouples embedded in concrete 
specimen. To ensure the temperature of test specimen closely 
follow predetermined temperature profi les, the water temperature 
and water fl ow within embedded channels located on all four 
sides of the TSTM aluminium formwork are automatically 
controlled via a computer program developed in-house.
In each TSTM test, four thermocouples are employed to monitor 
the temperature history of the concrete specimen. Two of the 
four thermocouples are embedded near the fi xed end, while 
the other two are placed close to the moveable end (see Figure 
5). Before testing, each thermocouple must be calibrated by 
Resistance Temperature Detectors (RTDs) with the accuracy of 
approximate 0.01 oC. Th e weighted average temperature (Tave) 
computed by equation 4 is considered as the representative 
temperature of test specimen. 
(4)
where, Ti is the temperature recorded by thermocouples 
embedded in concrete and pi is the weighting coeffi  cient for each 
thermocouple (for simplicity, pi =0.25).
During testing, Tave is computed every second and then compared 
with the predetermined concrete temperature profi le (see Figure 
6). If Tave is lower than predetermined temperature, cycling water 
temperature can be heated by adjusting the water mixture from 
chiller and heater tanks. On the contrary, if Tave is higher than 
the target temperature, cycling water temperature can be cooled 
to drop concrete temperature. Finally, the pre-set temperature 
profi le is accurately imposed on the concrete specimen.
FIGURE 5. Thermocouples embedded in concrete specimen
FIGURE 4. Schematic diagram of new deformation recording system
D = D1 + D2 = [d2−h2             ]+[d4−h2             ]h1
d1 −d2
h1
d3 −d4
FIGURE 3. Deformation recoding system composed of four laser sensors
FIGURE 2. Aluminium formwork with water channels embedded
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should consist of three important subsystems: thermal regulation 
system, deformation recording system and restraint control 
system. Th e main role of the restraint control system is to regulate 
the degree of restraint applied to the concrete specimen, while 
the deformation recording system and thermal regulation system 
aim at capturing the deformation data and controlling concrete 
temperature, respectively.
In recent years, only few new TSTMs have been built around 
the world. For those previously built TSTMs, more advanced 
deformation recording devices, chillers, heaters, load cells 
and motors should be employed to improve the reliability and 
capability of TSTM. In this paper, key features of a newly-built 
TSTM at the University of Queensland are presented, followed 
by initial results on coeffi  cient of thermal expansion, autogenous 
shrinkage and tensile creep of concrete from early ages.
2.0 TEMPERATURE STRESS TESTING MACHINE
2.1 EVOLUTION OF TSTM
In previously built TSTMs, strain gauges [11], Foucault current’s 
sensors [12] and Linear Variable Diff erential Transformers 
(LVDTs) [13] have been employed to capture deformation of 
concrete specimen. Obviously, the accuracy of Foucault current’s 
sensors is signifi cantly higher than LVDTs and strain gauges. In 
most of previous TSTMs, LVDTs have been widely employed as 
the deformation recording device.
When using LVDTs to measure deformation information, two 
invar bolts must be embedded in concrete during casting and 
then mounted in a complicated way to be connected with LVDTs. 
In [13], to fi x embedded bolts, deformation recoding system 
cannot start until an age of concrete of 8~10 hours aft er mixing-
depending on early stiff ening characteristics of concrete mixtures. 
It should also be highlighted that, as far as early-age deformation 
of concrete is concerned, the contribution of the temperature-
related component is typically very signifi cant. As an illustration, 
a temperature variation of 10 oC may result in a corresponding 
thermal deformation of approximately 100×10-6 m/m in concrete, 
which is of the same order of magnitude of the total autogenous 
shrinkage of typical structural concrete at early ages. Accurate 
measurement of the true profi les of temperature both within 
the test specimen and over time is thus required if the eff ect of 
temperature is to be properly accounted for. Unfortunately, in 
some reported tests, only one thermocouple was embedded in 
the TSTM specimen to monitor the temperature of the concrete. 
Accordingly, the true temperature fi eld within the test specimen 
could not be correctly captured, and as a result, the eff ect of such 
temperature fi eld could not be properly assessed.
2.2 NEWLY BUILT TSTM
Th e fi rst version of the new TSTM at the University of 
Queensland was built during the years 2015-2016. Th e 
schematic diagram of the TSTM is presented in Figure 1(a). 
Further signifi cant improvements to enhance the reliability of 
deformation recording and thermal regulation, as briefed below, 
have been carried out since 2017. Th e test set-up is placed in 
an environmentally controlled chamber with air temperature of 
23±1.0 oC and humidity of 50±5%. Th e TSTM formwork is sealed 
in a timber box with polyethylene foam plates fi lled between 
them preventing heat and moisture exchanges between the 
concrete specimen and the environment (see Figure 1(b)). 
Dimensions of the cross-section of the prism-shaped part of the 
TSTM are 80×80 mm. Aft er concrete casting, two invar bars (at 
800 mm apart) are embedded into the concrete specimen from its 
top plate to assist deformation measurements. An initial series of 
experimental tests had been conducted, and the reliability of the 
new TSTM has been verifi ed [2].
2.2.1 Aluminium formwork
Th e formwork of the new TSTM is made of aluminium alloy 
6061 coated with PTFE (Tefl on) to protect aluminium from 
chemical reaction with the fresh concrete and also to reduce the 
friction between concrete-mould contact interfaces. One of the 
most important reasons of employing aluminium alloy rather 
than stainless steel to construct the formwork is the thermal 
conductivity coeffi  cient of aluminium alloy of 167 W⁄ (m∙K) is 
signifi cantly higher than that of stainless steel (~20 W⁄ (m∙K)). 
Besides, water channels are designed inside the aluminium 
formwork (see Figure 2) instead of water pipes or water boxes 
attached outside the formwork. Overall, the ultimate purpose 
of designing the aluminium formwork with water channels 
embedded is to control temperature of the concrete specimen 
more effi  ciently. 
(a)
(b)
FIGURE 1. Newly-built TSTM at UQ (a) schematic diagram and 
(b) real TSTM
Concrete specimen
Movable steel head
Fixed steel head
Stepping motor
Load cell
Displancement measurement  with embedded invar bars
Laser sensors
Aluminium formwork with embedded heating/chilling system
Heating/chilling controllers
Controlling-recording workstation
1.
2.
3. 
4. 
5. 
6.
7.
8.
9.
10.
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3.3.2 Tensile creep
To investigate early age tensile creep behaviour of concrete, 
restrained and unrestrained TSTM tests under constant 
temperature are commonly used in the previous literature [6, 16, 
17]. For the restrained test, a threshold for deformation control 
is fi rst chosen for the repeated compensation cycles, as shown in 
Figure 9. Th is threshold is set to 5 μm in [16] and 2 μm in [6]. 
If the measured total strain reaches the predetermined threshold 
value, a load is applied to revert the total strain back to zero. 
In each loading process, the Young’s modulus can be calculated 
by the measured increments in stress (Δσ) and the elastic 
strain (Δεe). Subtracting Δεe from the measured total strain, a 
cumulative curve (εas,c) just consisting of autogenous shrinkage 
and creep strain can be obtained. Furthermore, subtracting 
autogenous shrinkage (εas) measured by an unrestrained test from 
the cumulative curve, the tensile creep strain can be obtained via 
equation 6. It should be noted that extreme care must be taken to 
ensure similar testing conditions and concrete mixture between 
restrained and unrestrained TSTM tests.
(6)
While the above mentioned method seems to be simple in 
theory, very limited reliable tensile creep data obtained via this 
method have been reported in literature, possibly due mainly to 
the many challenges in conducting the restrained TSTM tests 
with a high accuracy of deformation control. In this paper, tensile 
creep under constant load rather than under fully restrained 
conditions was investigated. In this case, when the restrained test 
is performed, at a predetermined time point, a specifi ed tensile 
stress is applied and then kept constant. Other experimental 
procedures are similar to the measurement of creep strain under 
fully restrained conditions. At last, creep strain under constant 
load can be calculated by equation 6 as well.
4.0 RESULTS AND DISCUSSION
4.1 COEFFICIENT OF THERMAL EXPANSION/CONTRACTION
To quantitatively measure CTE/CTC, temperature cycle methods 
have been employed in previous researches (see Figure 10). In 
[18], temperature cycles ranging between 20 and 30 oC were 
employed for 7 days at the rate of 4 full cycles per day, whereas 
temperature cycles used in [15] and [4] to measure CTE/CTC 
were one temperature step per hour. In this paper (Test-1), 
temperature cycles were also employed to study the development 
of CTE/CTC. From age of concrete 10 to 100 hours, temperature 
cycles ranging between 34 and 40 oC were employed at the rate of 
each temperature step for two hours (see Figure 11), while from 
age 102 to 152 hours, temperature cycles ranging between 34 and 
37 oC were employed at the same rate.
In Figure 11, it can be seen that predetermined temperature 
cycles are accurately imposed on the concrete specimen. Besides, 
it can be observed that the measured total strain fl uctuates 
dramatically during temperature change periods. Th is is mainly 
induced by the inclination of the invar bar embedded in the 
concrete specimen captured by laser sensors mounted at diff erent 
levels. In addition, it is clear in Figure 11 that the measured total 
strain shows an overall down trend. Because the total strain just 
consists of thermal strain and autogenous shrinkage, this trend can 
be explained by autogenous shrinkage and delayed thermal strains. 
In the test, when concrete temperature jumps, each temperature 
change can be fi nished within 30 minutes. At these temperature 
changing periods, the measured total strain can be assumed 
as thermal strain. Th erefore, according to measured strain and 
concrete temperature, CTE/CTC was computed by (5) at each 
temperature step and the obtained results are plotted in Figure 
12(a). It is clear in Figure 12(a) that the measured CTE/CTC 
rises from 5.1 to 12.3×10-6/°C aft er setting. Also, it can be noted 
that there is no signifi cant diff erence between CTE and CTC. 
For simplicity, CTE and CTC can be called as CTE and it is not 
necessary to distinguish the two coeffi  cients.
In literature, relative humidity change in early age concrete 
induced by self-desiccation has been put forward as the most 
important reason resulting in the rising CTE aft er setting time 
(see Figure 12(b)). CTE presented in Figure 12(b) was measured 
based on a concrete sample made with a water to binder ratio of 
0.4 under temperature cycles between 23 oC and 17 oC. Comparing 
Figure 12(a) and (b), it can be found that the development rate of 
newly measured CTE is far faster than CTE results reported in [1], 
which may be due to concrete mixture components.
FIGURE 9. Diagram of measuring tensile creep from [17]
FIGURE 10. Temperature cycles used in previous literature
FIGURE 11. Measured total strain and concrete temperature
εc = εas,c − εas
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3.0 EXPERIMENTAL STUDY
3.1 CONCRETE MIXTURE 
Th e concrete mixture used in this study is listed in Table 1. 
General Purpose Portland cement (GP cement) and Type Class 
1 fl y ash were used, complying with the Australian Standard (AS 
3972-2010) and the Australian/New Zealand Standard (AS/NZS 
3582.1-2016), respectively. Th e measured average compressive 
strength of concrete cylinders is about 46.5 MPa at the age of 28 
days. Initial and fi nal setting times are approximately 3.5 and 10.5 
hours aft er casting, respectively.
3.2 CONCRETE SPECIMENS AND BOUNDARY CONDITIONS
In this paper, three TSTM tests were presented to study 
autogenous shrinkage, CTE/CTC and tensile creep at early ages 
(see Table 2). Tests 1 and 2 were carried out under unrestrained 
conditions, meaning that the moveable end of concrete specimen 
can move freely and no restraint control is applied (see Figure 
7(a)), whereas Test-3 was performed under restrained conditions 
in which the displacement of the moveable end is controlled by 
the load cell and the motor (see Figure 7(b)).
3.3 METHODOLOGY
3.3.1 Linear coefﬁ cient of thermal expansion/contraction
Th e linear CTE/CTC of concrete can be determined by free 
shrinkage tests performed under predetermined temperature 
cycles, as reported in previous studies [14, 15]. Figure 8 shows 
the development of thermal strain under rising temperature: ε1 
and ε2 are thermal strain at temperature of T1 and T2, respectively. 
According to the defi nition of CTE, the instantaneous CTE at 
temperature (T1+T2) ⁄ 2 can be computed via equation 5. For the 
calculation of CTC, the equation is also completely suitable.
(5)
FIGURE 6 Schematic diagram of thermal regulation system
TABLE 1. Concrete mixture
Components Quantity
GP cement (kg/m3) 460
Fly ash (kg/m3) 115
Water (kg/m3) 240
Superplasticizer (l/m3) 0.7
Water reducer (l/m3) 0.25
Aggregate (10mm) (kg/m3) 935
Coarse sand (kg/m3) 350
Fine sand (kg/m3) 260
TABLE 2. Performed TSTM tests
Test ID Boundary conditions Objectives
Test-1 Unrestrained CTE/CTC
Test-2 Unrestrained Autogenous shrinkage
Test-3 Restrained Tensile creep
FIGURE 8. Diagram of measurement of CTE
(a)
FIGURE 7. TSTM tests (a) under free conditions and 
(b) under restrained conditions
(b)
ε2 − ε1
α = T2 − T1
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Th e AS 3600 model recommended in the Australian Standard 
(AS 3600-2009) defi nes creep coeffi  cient φc as equation 7. In 
Figure 16(b), it can be noted that creep coeffi  cients predicted 
by the AS 3600 model are signifi cantly higher than the 
measurements. In fact, the AS 3600 model is fi rstly put forward 
in [23] to describe compressive creep behaviour, therefore its 
applicability for tensile creep behaviour of early age concrete 
needs further validation.
(7)
(8)
(9)
where:
k2 is a factor which depends on the hypothetical thickness 
th=2A ⁄ ue , where A is the area of the cross-section of concrete 
member and ue is the section perimeter exposed to the 
atmosphere plus half the total perimeter of any voids contained 
within the cross-section; 
k3 accounts for the eff ects of early age loading on long-term 
creep; 
k4 and k5 are coeffi  cients which depend on ambient conditions 
(temperature and humidity) and concrete strength, respectively;
φcc,b is a basic creep coeffi  cient.
To improve the reliability of the AS 3600 creep model in 
predicting early age tensile creep, the creep model has been 
modifi ed in [24]. Th e modifi ed AS 3600 model continues to 
use equation 7 to compute φc, but factors k2 and k3 have been 
adjusted to predict tensile creep behaviour for concrete fi rst 
loaded between age 1 day and 10 days (see equation 10 and 11).
(10)
(11)
Th e creep coeffi  cients based on the modifi ed AS3600 model are 
plotted in Figure 16(b) and observed to be signifi cantly lower 
than measured experimental results. Evidently, neither the AS 
3600 model nor the modifi ed AS3600 model can correctly 
capture the development of tensile creep coeffi  cients determined 
from data newly collected in this study, prompting the need for 
further study.
5.0 COMMENTS AND CONCLUSION
In this paper, following a brief review of existing TSTMs, key 
features of the newly built TSTM at the University of Queensland 
are presented. Using the TSTM setup, three TSTM tests under 
restrained and unrestrained conditions have been performed – 
Relevant details of materials and experimental work are reported, 
together with main initial outcomes. According to above analysed 
experimental results, the following conclusions can be drawn:
1. Both unrestrained and restrained tests were successfully  
 carried out based on the new TSTM. On the basis of  
 collected data, autogenous shrinkage, coeffi  cient of thermal  
 expansion and tensile creep behaviour can be assessed,  
 allowing to improve relevant models. 
2. Th e development of the coeffi  cient of thermal expansion/ 
 contraction of concrete shows a clear rising trend from  
 5.1 to 12.3×10-6/°C from concrete age of 10 to 152 hours.  
 Obviously, it is not rigorous to assume the coeffi  cient of  
 thermal expansion/contraction of concrete as constant.  
 Besides, there is no signifi cant diff erence observed between  
 coeffi  cient of thermal expansion and coeffi  cient of thermal  
 contraction. Factors aff ecting coeffi  cient of thermal   
(b)
FIGURE 15. Measured stress and strain (a) stress and (b) total strain
φc = k2k3k4k5φcc,b
α2(t−τ)0.8
(t−τ)0.8+0.15th
k2 = 
α2(t−τ)0.5
(t−τ)0.5+0.4th
k2 = 
2.7
1 + log (τ)k3 = 
1.7
1 + log (τ)
k3 = 
FIGURE 16. . Tensile creep (a) creep strain and (b) creep coefﬁ cients
(a)
(b)
(a)
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In previous studies [5, 19, 20], a relative humidity (ΔRH) - 
temperature (ΔT) mechanism has been put forward to explain 
the development of CTE at early ages, which is quantifi ed by the 
coeffi  cient ΔRH/ΔT. Th e curve shown in Figure 13 is a fi t to the 
experimental data of a cement paste with w/c of 0.5 measured in 
[21]: Decreasing the relative humidity (RH) inside cement paste, 
the coeffi  cient ΔRH/ΔT increases for RH levels encountered 
during self-desiccation. In  [21, 22], it is reported that reducing the 
coeffi  cient ΔRH/ΔT, CTE decreases as well.
4.2 AUTOGENOUS SHRINKAGE
To study the development of autogenous shrinkage at early 
ages, a TSTM test (Test-2) under constant curing temperature 
of 45 oC was carried out. Aft er concrete casting, the concrete 
specimen was sealed and thermal regulation started immediately. 
At age around 7 hours, the deformation recording system was 
initiated. Due to negligible thermal strain and drying shrinkage, 
the measured total strain can be directly regarded as autogenous 
shrinkage.
In Figure 14(a), it can be observed that the concrete temperature 
has been eff ectively maintained at the predetermined value of 
45 oC during the test duration, indicating that the thermal 
regulation system is running well. Figure 14(b) shows the 
measured autogenous shrinkage: During the initial period of 
concrete age between about 7 and 35 hours, the development rate 
of autogenous shrinkage is observed to be signifi cantly higher 
than that in subsequent period.
4.3 TENSILE CREEP BEHAVIOUR
To study tensile creep behaviour of early-age concrete, a 
restrained TSTM test (Test-3) were carried out under constant 
concrete temperature (45 oC). According to the methodology 
illustrated in Section 3.3.2, combining Test-2 and Test-3, the 
tensile creep behaviour of early age concrete under 45 oC can be 
examined. In Test-3, aft er concrete casting, thermal regulation 
initiated immediately and at concrete age of approximate 23 
hours, a load was applied and then both concrete temperature 
and stress remained constant (45 oC and 0.55 MPa, respectively). 
Th e measured stress history and total strain are shown in Figure 
15. 
In Figure 15(b), the measured increment of total strain (being 
the elastic strain Δεe) is approximately 32.5×10-6 m/m when 
the load is applied. Combining measured stress and strain 
increments, the Young’s modulus of the concrete specimen at age 
of 23 hours can be computed (approximately 17.2 GPa). Aft er 
loading, the measured total strain is just composed of creep strain 
and autogenous shrinkage. Subtracting autogenous shrinkage 
(measured in Test-2) from the total strain, the creep strain was 
obtained. In Figure 16(a), it can be observed that even though the 
measured creep strain fl uctuates slightly, its development shows 
a clear rising trend. Based on measured creep strain and elastic 
strain, creep coeffi  cients can then be calculated and compared with 
predicted creep coeffi  cients by the Australian Standard model 
(AS 3600 model) (see Figure 16 (b)).
FIGURE 13. Relationship between RH and ΔRH/ΔT from [21]
(a)
FIGURE 12. Development of CTE (a) newly-measured and 
(b) previously-reported in [1]
(b)
FIGURE 14. (a) Temperature proﬁ le and (b) autogenous shrinkage 
(a)
(b)
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1.0 INTRODUCTION 
Waterproofi ng membranes are impermeable products which have 
been used on VicRoads bridges over the years to protect deck 
slabs or other concrete from penetration of moisture and other 
deleterious substances and compensate for defi ciencies which can 
adversely aff ect durability performance.  Preventing ingress of 
moisture, water leakage below or contamination of the deck slab 
by other deleterious substances is an important part of bridge 
maintenance. Th e is to appreciably improve the waterproofi ng in 
order to cut down on costly, premature bridge deck rehabilitation.
Typical examples of application of waterproofi ng membrane 
systems include older defective bridges, with permeable and 
cracked bridge decks, new concrete bridge decks characterised 
by a signifi cant number of cracks and reduced concrete cover 
due to unsatisfactory concrete construction practices and bridges 
damaged as a result of asphalt milling including reduction in 
concrete cover (1). Other applications include exclusion of 
water from various concrete members, the back of retaining 
walls, abutments and fender walls, base slabs and other buried  
structures (2).
Most of these waterproofi ng systems were applied either 
in accordance with manufacturer’s technical data sheets or a 
combination of project specifi cations and the product technical 
data sheets. However, given the prevalence of installation 
of such systems it was considered necessary to develop a 
standard specifi cation prescribing the various requirements in a 
standardised manner in order to ensure the uniform application 
of standards and to further reinforce the quality of installation 
of waterproofi ng membrane systems and their long-term 
performance. As such the new VicRoads’ Standard Specifi cation 
Section 691 (3) was published.
Th e durability and long term performance of waterproofi ng can 
be aff ected by several factors including the in-service conditions, 
the quality of installation, quality of the concrete substrate, the 
waterproofi ng materials, and management of environmental 
conditions such as temperatures, relative humidity and dew point 
during installation. 
Th e adhesive bond of the waterproofi ng membrane to the 
concrete substrate and its bond to the protective layer or asphalt 
is a fundamental aspect of waterproofi ng of concrete bridge 
decks. Th e bond strength itself can be signifi cantly infl uenced by 
several installation and workmanship factors which are covered 
in VicRoads Standard Specifi cation Section 691(2). Unfortunately, 
unsatisfactory quality issues and non-conformances which 
have the potential to aff ect the bond strength at the interface of 
the waterproofi ng membrane with the concrete, the protective 
layer or asphalt have been observed. Th ese factors can have 
undesirable eff ects on the durability and long term performance of 
waterproofi ng systems in service.
Given that unsatisfactory workmanship and installation can have 
durability and long term performance implications, pre-planning 
by the contractor for design and installation, which fully addresses 
the specifi cation, work method statements and ITPs is essential 
to ensure the ongoing quality, safety and in-service performance 
of waterproofi ng systems. It is imperative that the contractor 
ensures that installation requirements are implemented correctly 
and in full in the fi nal product. Appropriate use of work method 
statements, satisfactory supervision, surveillance and quality 
toolbox must be a priority to avoid mistakes.
2.0 VICROADS SPECIFICATION SECTION 691 – 
WATERPROOFING OF CONCRETE BRIDGE DECKS
Th is new standard section (3) for waterproofi ng of concrete 
bridge decks covers the following:
WATERPROOFING OF CONCRETE BRIDGE DECKS  
SPECIFICATION PROVISIONS AND QUALITY ISSUES
FRED ANDREWS-PHAEDONOS
PRINCIPAL ENGINEER – CONCRETE TECHNOLOGY, VICROADS ASSET SERVICES
Th e use of waterproofi ng membranes to enhance the durability performance of concrete bridge decks has been steadily increasing 
over the past 20 years. Waterproofi ng membranes are used both as part of bridge deck rehabilitation and as part of new 
construction, to provide an eff ective additional line of defence against premature deterioration and corrosion. Concrete decks on 
older bridges may be characterised by carbonated and permeable concrete of lower compressive strengths (15 MPa to 30 MPa), 
and cracking which allow water penetration resulting in spalling of concrete due to corrosion of steel reinforcement. Concrete 
decks on newer structures may suff er from shrinkage cracking and cracking due to restraint movement, reduced concrete cover, 
unsatisfactory concrete practices, unsatisfactory curing and higher volume of permeable voids (VPV) which render such bridge 
decks susceptible to water ingress and leakage below. A third category of susceptible bridge decks are associated with asphalt 
milling which is required as part of asphalt renewal, carbon fi bre strengthening, concrete repair or simply waterproofi ng which 
may cause damage to the concrete, reduce concrete cover and expose or damage steel reinforcement. When left  unprotected 
such defi ciencies can result in corrosion of the steel reinforcement, increase the risk of alkali aggregate reactivity if reactive 
aggregates are present, adversely aff ect other concrete members and generally result in reduced overall durability performance. 
Such durability reducing factors may be avoided by the application of suitable waterproofi ng membrane systems onto concrete 
bridge decks and other concrete members, which can ensure the required service life of bridges. Th is paper introduces the new 
waterproofi ng provisions in the new VicRoads Standard Specifi cation Section 691 “Waterproofi ng of Concrete Bridge Decks” 
and identifi es some of the key activities which may suff er due to non-conforming work and which can have a signifi cant impact 
on the adhesive bond of the waterproofi ng membrane onto the concrete substrate. It further highlights the need to better control 
the whole waterproofi ng membrane system installation, to allow for the early identifi cation and elimination of quality problems 
and thus maintain its integrity in-situ.
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 expansion/contraction of concrete should be further studied,  
 such as concrete mixture components, moisture content and  
 temperature.
3. Based on unrestrained and restrained TSTM tests,   
 autogenous shrinkage and tensile creep behaviour of early  
 age concrete under temperature of 45 oC were measured.  
 It has been found that the reliability of the AS3600 creep  
 model and the modifi ed AS3600 creep model remains  
 questionable for predicting early age tensile creep. Further  
 work is ongoing to generate a more comprehensive set  
 of reliable data using the newly-built TSTM, and on that  
 basis develop improved prediction models.
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